1. Introduction {#s0005}
===============

In cancer, dysfunction of the cellular transport machinery is commonly observed. The consequences for the localization and function of tumor-suppressors and oncogenes have lead to discussions of the therapeutic potential of targeting this machinery [@b0005]. In this regard, one group of molecules of particular interest is the karyopherins. They act as carrier proteins in the selective bi-directional shuttling of proteins between the cytoplasm and the nucleus, termed nucleocytoplasmic transport.

Nucleocytoplasmic transport occurs through large Nuclear Pore Complexes (NPCs) in the nuclear membrane. Whereas some factors are able to diffuse passively through the pores, the shuttling of macromolecules larger than about 40 kDa is actively mediated by karyopherins [@b0010]. The karyopherin family comprises both import factors (importins) and export factors (exportins) and more than 20 members of the family have been described [@b0015]. They participate in several nuclear transport pathways into and out of the nucleus, with the classical nuclear protein import pathway as one of the best characterized pathways.

Nuclear import via the classical pathway is mediated by heterodimers consisting of importin β (or karyopherin β-1) and a member of the karyopherin α (importin α) family. The karyopherin α proteins recognize cargo proteins by virtue of their nuclear localization signal (NLS). Whereas the karyopherin α recognizes the cargo and acts as an adaptor, the importin β facilitates docking to and translocation through the NPC [@b0015]. In the nucleus, importin β is bound by RanGTP which leads to the dissociation of the ternary complex and concurrent release of the cargo [@b0010]. Importin β complexed with RanGTP is recycled to the cytoplasm on its own, whereas karyopherin α bind RanGTP as well as the export factor, CAS, another member of the Importin β family, before it is subsequently shuttled to the cytoplasm [@b0010].

Karyopherin α 2 (KPNA2) is one of seven described members of the karyopherin α family [@b0020]. The KPNA2 protein (also known as importin α-1 or RAG cohort 1) consists of 529 amino acids and weighs about 58 kDa. Its domain structure was initially delineated in the mid 90s [@b0025], [@b0030], [@b0035], [@b0040]. The protein comprise an N-terminal hydrophilic importin β-binding domain, a central hydrophobic region consisting of 10 armadillo (ARM) repeats, which binds the cargo's NLS, and a short acidic C-terminus with no reported function. CAS, the factor responsible for the recycling of KPNA2 to the cytoplasm, binds the 10th ARM repeat [@b0015]. The importin β-binding domain has been demonstrated to possess an auto-inhibitory function ensuring that KPNA2 is only translocated when bound to importin β as well as a cargo molecule [@b0045], [@b0050].

Several studies have linked KPNA2 to cancer. Here we present, for the first time, an overview of these reports. We describe the clinical studies which have demonstrated that KPNA2 is highly expressed in multiple cancer forms and that its aberrant expression is often tied to an adverse outcome for the patients. We also cover the studies of KPNA2 in cancer cells and present some of the cancer-associated proteins translocated by KPNA2.

2. Aberrant expression of KPNA2 in cancer -- a marker of poor prognosis {#s0010}
=======================================================================

In recent years elevated levels of KPNA2 have been observed in a variety of malignancies (summarized in [Table 1](#t0005){ref-type="table"} ). Following the discovery of the prognostic value of high KPNA2 expression in breast cancer by Dahl et al. [@b0055], [@b0060], [@b0065], aberrant KPNA2 levels has been described in a variety of other cancer forms. These include melanoma [@b0070], cervical cancer [@b0075], esophageal cancer [@b0080], lung cancer [@b0085], ovarian cancer [@b0090], prostate cancer [@b0095], brain cancer [@b0100], liver cancer [@b0105] and bladder cancer [@b0110].Table 1Expression of KPNA2 in cancer tissue and its effect on patient outcome.Cancer typeSample sizeExpression compared to normalMain localizationEffect on survival for KPNA2-positive samplesHazard ratio[a](#tblfn1){ref-type="table-fn"}Main conclusionBreast cancer [@b0055]272 Paired samples56% of breast cancers and 1.8% of matched normalsNucleusOS in months: 101 \[90--112\] vs. 120 \[110--129\]2.42 \[1.20--4.88\]KPNA2 overexpression is an independent risk factorMelanoma [@b0070]238NACytoplasm4-year OS: 66% \[57--75%\] vs. 85% \[74--95%\]NAKPNA2 overexpression is a risk factorBreast cancer [@b0060]83 Matched normal, DCIS, invasive0% of adjacent benign tissues, 21.3% of DCIS and 31% of invasive carcinomasNucleusRFS in months: 69 \[47--92\] vs. 118 \[100--135\] for invasive samplesNAKPNA2 overexpression is a risk factorBreast cancer [@b0065]191NANucleusOS in months: 62.5 \[32.3--89.7\] vs. 103.6 \[87.7--119.4\]OS: 1.86 \[1.07--3.23\]KPNA2 overexpression is an independent risk factor irrespective of treatment intensityCervical cancer [@b0075]26About 4.5× higher levels in cancer tissue by RT-PCRCytoplasm, nuclear envelopeNANAKPNA2 is overexpressed in cancer tissueEsophageal cancer [@b0080]116No expression vs. expression in 51.7% (60/116) of cancersNucleus5-year OS: 41.6% vs. 62.3%NAKPNA2 overexpression is a risk factorLung cancer [@b0085]66 Paired samples87.9% (58/66) of cancers vs. 4.5% (3/66) of matched normalsNucleusNANAKPNA2 is overexpressed in tumors as well as serumOvarian cancer [@b0090]1028× normal expression by microarray. IHC: 0% (0/15) of normals and 49.0% (50/102) of cancersNucleus5-year OS: 60.5% vs. 73.1%NAKPNA2 overexpression is a risk factorProstate cancer [@b0095]678Expression in 42.4% of the samplesNucleus5 year RFS: 0.607 (SE = 0.055) vs. 0.794 (SE = 0.034)2.129 \[1.332--3.403\]KPNA2 overexpression is an independent risk factor for recurrenceLiver cancer [@b0105]124Expression in 36.3% of the samplesNucleusEarly recurrence in 72.2% (13/18) vs. 31.6% (18/57)RFS: 1.781 \[1.188--2.730\]KPNA2 overexpression is an independent risk factor for survival and early recurrenceBladder cancer \[non-invasive\] [@b0110]234NANucleusProgression to muscle-invasive disease in 49% (59/120) vs. 25% (28/114)PFS: 2.59 \[1.49--4.49\]KPNA2 overexpression is an independent risk factor for progressionBladder cancer \[invasive\] [@b0110]377NANucleusDemonstrated as HRsRFS: 1.66 \[1.17--2.36\] OS: 1.47 \[1.07--2.03\]KPNA2 overexpression is an independent risk factorBrain cancer [@b0100]106Expression in all malign samplesNucleusDemonstrated as HRsOS: 1.94 \[1.01--3.7\] PFS: 1.73 \[0.92--3.22\]KPNA2 overexpression is an independent risk factor[^1][^2][^3]

The majority of the studies have investigated the association between KPNA2 levels and patient outcome. Irrespective of cancer type, elevated expression of KPNA2 has been demonstrated to correlate with a poor prognosis. Importantly, several studies have established KPNA2 to be an independent prognostic factor compared to well-established clinical factors [@b0055], [@b0065], [@b0095], [@b0100], [@b0105], [@b0110]. Of potential interest is the observation in lung cancer where high levels of KPNA2 could also be detected in patient serum [@b0085]. This raises the possibility that adverse KPNA2 levels can be detected in blood samples in other cancer forms as well.

The observed levels of KPNA2 in cancer tissues are markedly elevated compared to normal tissue. At the transcriptional level a 5--10-fold increase in KPNA2 expression has been reported [@b0075], [@b0090] and these findings are supported by immunohistochemical observations. In studies where normal samples have been included 0--5% of them stain for KPNA2 compared to 30--90% of the cancer samples [@b0055], [@b0060], [@b0085], [@b0090], [@b0100]. As such, KPNA2 appears to be markedly upregulated in cancer tissue and the observed KPNA2 appears to be predominantly situated in the nucleus (see [Table 1](#t0005){ref-type="table"}).

The reported association between KPNA2 expression and tumor stage and grade [@b0055], [@b0060], [@b0065], [@b0080], [@b0090], [@b0095], [@b0100], [@b0105], indicates that KPNA2 expression generally increases through tumor progression. However, studies do indicate that aberrant KPNA2 expression can be found in early lesions, such as the ductal carcinoma *in situ* (DCIS) in breast cancer [@b0060] and non-invasive bladder cancer samples [@b0110]. These findings are important, as they represent opportunities to gain prognostic information at an early stage. Furthermore, they suggest that KPNA2 could potentially participate in carcinogenesis.

The latter idea is augmented by findings which associates KPNA2 expression with an increased degree of malignancy. Besides the decrease in patient survival, high KPNA2 expression has also been correlated to an increased risk of recurrence in prostate cancer [@b0095] and ovarian cancer [@b0090] and an increased risk of progression in bladder cancer [@b0110]. Furthermore, high KPNA2 expression has been associated with lymphatic spread and venous invasion in several cancers [@b0060], [@b0080], [@b0085], [@b0105], the latter of which is considered to be of particular importance in the process of developing distant metastases [@b0115]. In accordance, high KPNA2 expression was coupled with a significantly increased risk of developing distant metastases in bladder cancer [@b0110]. With further possible connections to cancer malignancy, high expression of KPNA2 has been correlated with high cellular proliferation in cancer tissue [@b0065], [@b0080], [@b0085], [@b0100], [@b0110]. In summary, high levels of KPNA2 appear to be associated with increased malignancy across cancers, as witnessed by the correlation with adverse characteristics such as poor patient survival.

3. Investigations of KPNA2's role in cancer cells {#s0015}
=================================================

With the aim of elucidating the causes underlying the increased expression of KPNA2 in cancer, Leaner et al. recently examined the promoter activity in cervical cancer cells [@b0120]. They located the promoter region responsible for the elevated promoter activity (situated at −180 to −24 bp), and identified highly conserved binding sites for E2F transcription factors. Due to the intimate relationship between E2Fs and the retinoblastoma protein, RB, the latter was suggested to ultimately cause the KPNA2 deregulation. The recent demonstration that E2F1 is translocated by KPNA2 [@b0125] raises the possibility that a positive feedback loop exists, where elevated activity of E2Fs may lead to increased expression of KPNA2 which in turn increases the nuclear amounts of E2Fs. Previous studies of E2F and the cell cycle have identified KPNA2 as differentially expressed through the cell cycle with the highest levels occurring in the G2/M phases [@b0130], [@b0135]. Regulation of the KPNA2 promoter activity appears to be somewhat cell line specific as the high expression observed in embryonic stem cells was likely instigated by Klf2 and Klf4 at a separate promoter region [@b0140].

As mentioned, the expression of KPNA2 in cancer tissue appears to be predominantly nuclear. This may be due to cellular stress, as previous reports have demonstrated how karyopherins, including KPNA2, accumulate in the nucleus following stressful conditions such as UV irradiation, heat shock and oxidative stress [@b0145], [@b0150], [@b0155], [@b0160]. As cells in advanced tumors frequently exhibit high levels of oxidative stress [@b0165], this could explain the nuclear localization of KPNA2. The nuclear retention in response to cellular stress suppresses the nuclear transport and alter gene regulation [@b0145], [@b0150], [@b0155], [@b0160], [@b0170], [@b0175]. Further studies are required to determine how the rates of nuclear transport are altered in cancer tissue and whether such distortions are due to cellular stress.

With possible implications for the KPNA2 deregulation observed in cancer tissue, its importance has been examined in a variety of cancer cell lines. In a recent study, it was suggested that KPNA2 plays a role in the malignant transformation of cancer cells [@b0180]. Increasing the expression of KPNA2 in a benign breast cancer cell line conferred several characteristics normally associated with malign cells such as an increase in colony formation and in cell migration activity. These findings were in line with previous studies of lung cancer cell lines, where the migratory capability had also been affected by altered KPNA2 levels [@b0085].

In addition, knockdown of KPNA2 decreases the proliferation of cells derived from lung [@b0085], liver [@b0105] and prostate cancer [@b0095]. Conversely, no effect on proliferation was observed in examined cervical cancer cells [@b0075], [@b0185]. Whereas studies in prostate cancer cells did not imply increased apoptosis as the cause [@b0095], such a connection appeared to exist in breast cancer cells [@b0180]. Importantly, increasing the level of KPNA2 could enhance proliferation of some breast cancer cells as well, giving further credit to the idea that KPNA2 levels do affect the viability of cancer cells [@b0180].

4. KPNA2 in the translocation of cancer -- associated proteins {#s0020}
==============================================================

A reasonable way, in which KPNA2 could affect carcinogenesis, is through the translocation of cancer-associated cargo proteins. In agreement with this concept, recent proteomic analysis demonstrated how knockdown of KPNA2 led to altered nuclear levels of several proteins [@b0125]. In fact, KPNA2 has been demonstrated to interact with a variety of proteins that are associated with cancer, including proteins with tumor-suppressive as well as oncogenic properties.

One of the most prominent cargo proteins translocated by KPNA2 is the cell-cycle regulator Chk2 [@b0190]. KPNA2 interacts with the NLS indispensable for Chk2 import and overexpression of KPNA2 correlates with an increased nuclear import [@b0190]. KPNA2 has also been suggested to play a role in the nuclear translocation of BRCA1. BRCA1 is likely implicated in carcinogenesis due to its roles in DNA repair and cell cycle checkpoint control [@b0195]. The importance of the NLS in BRCA1 translocation has been established along with direct interaction between KPNA2 and BRCA1 [@b0200], [@b0205]. The observation that a BRCA1 mutant lacking both NLSs could be observed in the nucleus [@b0210], [@b0215] led to discovery of an alternative way to import BRCA1 [@b0220]. The importance of each of the two alternate pathways remains to be established. Furthermore, KPNA2 is responsible for the import of NBS1, another DNA repair protein which also partake in carcinogenesis [@b0225], [@b0230]. This interaction was supported by the consequences of KPNA2 knockdown, which impaired the cellular capability to form regular nuclear foci in response to DNA damage [@b0225]. An interesting connection, especially with relations to prostate cancer, is the role of KPNA2 in the import of the androgen receptor (AR) [@b0095], [@b0235]. Binding of the active androgen to AR leads to its nuclear import where it activates the transcription of a range of target genes. As a consequence, it has been speculated that the high level of KPNA2 observed in prostate cancer tissue might be indicative of an increase in translocation of AR and therefore associated with hormone-refractory prostate cancer [@b0095].

Earlier reports of potential associations between KPNA2, p53 [@b0240] and c-Myc [@b0245] were supported by a recent study, which confirmed the interaction with both p53 and c-Myc [@b0125]. This study also found an overlap between p53 and c-Myc down-stream targets and proteins affected by KPNA2 knockdown. A separate study found alternate karyopherins to be responsible for the import of p53 [@b0250] and further studies are needed to establish what role KPNA2 holds in the translocation and regulation of both of these crucial factors.

KPNA2 has been implicated in the translocation of additional transcription factors, including the all-ready mentioned E2F1 [@b0125], two members of PLAG family of zinc-finger transcription factors, PLAG1 [@b0255] and LOT1 [@b0260], as well as the BTB/POZ transcription factor Kaiso [@b0265]. As transcription factors, these proteins are involved in a variety of processes, however, deregulation in cancer plays a prominent role [@b0270], [@b0275], [@b0280], [@b0285], [@b0290]. Furthermore, KPNA2 has been shown to abrogate the induction of the LOT1 downstream target p21^WAF1/CIP1^ which holds both tumor suppressive and oncogenic potential [@b0260], [@b0295]. Finally, the small Rho-GTPase RAC-1 is also translocated by KPNA2 [@b0300]. RAC-1 could hold a role in carcinogenesis due to its functions in cell cycle progression [@b0305] and cellular adhesion and migration [@b0310], [@b0315].

The cancer-associated CREB binding protein (CBP or p300) has been shown to acetylate KPNA2 on lysine 22 [@b0320], [@b0325]. Furthermore, the AMP-activated protein kinase (AMPK) has been demonstrated to mediate the phosphorylation and acetylation of KPNA2, with the latter probably being executed by CBP [@b0330]. These post-translational modifications are presumably functional as they negatively affected the translocation of a downstream protein, HuR [@b0330].

5. KPNA2 has been implicated in a multitude of cellular processes {#s0025}
=================================================================

In addition to the interactions with cancer-associated proteins, KPNA2 has also been implicated in various other processes (an overview is presented in [Fig. 1](#f0005){ref-type="fig"} ). It should be noted that albeit the described functions are not directly linked to cancer some of them could affect carcinogenesis e.g. through aberrant activation of differentiation pathways, viral induction of oncogenes or modulation of the immune system.Fig. 1Cellular processes and interaction partners associated with KPNA2. Details concerning the listed interaction partners can be found in the text. Note that, albeit interaction with KPNA2 has been demonstrated, alternate karyopherins may also partake in the translocation of the listed proteins.

First of all, expression of KPNA2 is linked to various differentiation processes. KPNA2 is highly expressed in embryonic stem cells from mice, possibly due to promoter activation by Krüppel-like factors Klf2 and Klf4 [@b0140]. Furthermore, KPNA2 has been identified to translocate Taspase 1, a protease with developmentally important downstream targets [@b0335], and Oct4 [@b0340], [@b0345], a major gatekeeper in development [@b0350]. Other reports include the findings of varying levels of import factors through spermatogenesis [@b0355], myogenesis [@b0360] and early embryogenesis [@b0365]. For brain development it has been demonstrated that an exquisite downregulation of KPNA2 is a prerequisite during neural differentiation of embryonic stem cells [@b0345]. The already mentioned cargoes Oct4 and LOT1 have roles in brain differentiation [@b0275], [@b0345] as has yet another transcription factor, E47, which is also shuttled by KPNA2 [@b0370]. Of potential interest is also the observation of aberrantly localized KPNA2 in hippocampal neurons in Alzheimer Disease [@b0375].

KPNA2 plays a crucial role during viral infections mainly by importing parts of the viral machinery to the nucleus. It has so far been implicated in the shuttling of factors from a variety of viruses such as HIV [@b0380], Epstein-Barr virus [@b0385], polyomavirus [@b0390] and HPV [@b0395], [@b0400], [@b0405]. Furthermore, KPNA2 has been proposed to hold a role in regulating viral capsid assembly, preventing it from faultily occurring in the cytoplasm [@b0410]. An alternate way of affecting viral infection has been demonstrated for the SARS coronavirus which sequesters KPNA2 to the endoplasmic reticulum and Golgi membrane, thereby preventing nuclear translocation of STAT1, an important messenger in host-defense against viruses [@b0415]. Interestingly, karyopherins have also been proposed to define host specificity of viruses as demonstrated recently for the influenza virus [@b0420].

The KPNA2-mediated translocation of PAX-5, ITK, IRF-1 and RAG-1 provide a series of associations with the immune system [@b0425], [@b0430], [@b0435], [@b0440], [@b0445]. Whereas PAX-5 is an important regulator of B-cell differentiation [@b0450], ITK and IRF-1 hold more general roles in the immune response [@b0455], [@b0460], [@b0465] and RAG-1 plays a key role in V(D)J recombination [@b0470]. Possibly related is the report that the activation of lymphocytes leads to highly increased expression of KPNA2 and redistribution from the cytoplasm to the nucleus and the plasma membrane [@b0475].

As for general metabolic roles it has been established that KPNA2 participates in the response to glucose addition via an interaction with GLUT2 [@b0480], [@b0485] and that it is responsible for the serum-induced translocation of Sgk [@b0490], a kinase which functions in the regulation of epithelial ion transport [@b0495]. KPNA2 activity might also be regulated by Ca^2+^ levels via interactions with the S100A6 protein [@b0500]. Furthermore, KPNA2 is involved in controlling the intracellular redox environment through translocation of the thioredoxin-binding protein-2 (TBP-2) [@b0505]. Regarding RNA metabolism, KPNA2 has been shown to import RNA-editing adenosine deaminases (ADARs) [@b0510], partake in the formation of RNA stress granules [@b0515] and interact with the Poly(A) Binding Protein (PABPC) involved in the regulation of mRNA levels [@b0520]. The increasing number of interaction partners for KPNA2 indicates that it is truly a jack-of-all-trades.

6. Concluding remarks {#s0030}
=====================

Due to its function in nucleocytoplasmic transport, where it mediates the translocation of a multitude of proteins, KPNA2 is involved in many cellular processes. Nonetheless, the association with cancer appears to be very prominent, considering the aberrantly high levels of KPNA2 observed across cancers of diverse origin. Importantly, the altered expression pattern is associated with adverse patient characteristics. This spurs the idea that KPNA2 may hold a role in carcinogenesis. This idea is supported by the cellular studies of KPNA2 which have indicated that the protein may play a role in the malignant transformation of cells. The association with adverse cancer characteristics establishes KPNA2 as a potentially relevant therapeutic target. However, targeting of the protein will be complicated by the great number of conventional cellular processes which are also associated with KPNA2. Instead, utilization as a cancer biomarker may well be the first clinical implementation of KPNA2. Considering the results described here, obtained in a variety of cancer forms, this vision appears promising. Further prospective clinical studies are required to fully demonstrate the biomarker potential of KPNA2, and, in fact, KPNA2 is part of a translational effort in bladder cancer and is currently being investigated in ongoing multi-center prospective studies [@b0525].

The high levels of KPNA2 in cancer cells would presumably perturb a variety of processes through the altered shuttling of nuclear proteins. Elucidating the interactions that connect KPNA2 to carcinogenesis is complicated by the fact that karyopherins can have overlapping preferences for cargo proteins [@b0015]. We have presented some of the currently identified interaction partners. However, it should be kept in mind that, at present, many interaction partners might remain unknown, and these cargo proteins could act individually as well as in concert with known as well as unknown interaction partners. Nonetheless, the pronounced deregulation of KPNA2 in cancer, and the suggested role in malignant transformation, warrants further studies of this protein and its function in carcinogenesis.

[^1]: Paired samples designates that for each examined tumor sample a corresponding normal sample was also assayed. 95% confidence intervals have been indicated in brackets where applicable.

[^2]: Abbreviations: DCIS: ductal carcinoma *in situ*, IHC: immunohistochemistry, NA: not applicable (e.g. not investigated), OS: overall survival, PFS: progression-free survival, RFS: recurrence-free survival, SE: standard error.

[^3]: Portrayed hazard ratios are derived from multivariate analysis.
